Parasitoid wasps can be found in association with heritable viruses. Although some viruses have been shown to profoundly affect the biology and evolution of parasitoid wasps, the genetic and phenotypic diversity of parasitoid-associated viruses remains largely unexplored. We previously discovered a behaviour-manipulating DNA virus in the parasitoid wasp Leptopilina boulardi. In this species, which lays its eggs inside Drosophila larvae, Leptopilina boulardi filamentous virus (LbFV) forces the females to lay their eggs in already parasitized Drosophila larvae. This behavioural manipulation increases the chances for the horizontal transmission of the virus. Here, we describe in the same parasitoid species another virus, which we propose to call Leptopilina boulardi toti-like virus (LbTV). This doublestranded RNA virus is highly prevalent in insect laboratory lines as well as in parasitoids caught in the field. In some cases, LbTV was found in coinfection with LbFV, but did not affect the behaviour of the wasp. Instead we found that the presence of LbTV correlates with an increase in the number of offspring, mostly due to increased survival of parasitoid larvae. LbTV is vertically transmitted mostly through the maternal lineage even if frequent paternal transmission also occurs. Unlike LbFV, LbTV is not horizontally transmitted. Its genome encodes a putative RNA-dependent RNA polymerase (RdRp) showing similarities with RdRps of Totiviridae. These results underline the high incidence and diversity of inherited viruses in parasitoids as well as their potential impact on the phenotype of their hosts.
INTRODUCTION
Parasitoid wasps engage in parasitic interactions by laying their eggs inside the body cavity or on the body of other arthropods. Like most insects, insect parasitoids have evolved intimate relationships with heritable bacterial symbionts, which have been the subject of intense investigations (Zchori-Fein et al., 2001; Vavre et al., 2009) . In addition to bacteria, several studies indicate that parasitoids may also be associated with heritable viruses (Beckage & Drezen, 2011) . Indeed, several viruses transmitted from mother to offspring have been found in the reproductive apparatus of parasitoid species (Stoltz et al., 1988; Stoltz & Makkay, 2000; Reineke & Asgari, 2005; Renault et al., 2005; Stasiak et al., 2005; Oliveira et al., 2010) and some of them have been shown to be able to profoundly affect the parasitoid phenotype, through either an apparent mutualistic (Bigot et al., 1997; Renault et al., 2002) , parasitic (Varaldi et al., 2003) or more complex relationship, depending on the trait considered (Gandon et al., 2006; Varaldi et al., 2006c; Martinez et al., 2012a) . Moreover, parasitoids can harbour several viruses at a time; for example, the wasp Diadromus pulchellus can be coinfected with the DNA virus D. pulchellus Ascovirus 4 (DpAV4) and the RNA virus D. pulchellus Reovirus 1 (DpRV1) (Rabouille et al., 1994; Renault et al., 2002) . Besides such scarce examples, little is known about the actual diversity of these viral partners and their overall influence on parasitoid biology. Describing new parasitoid-virus associations will help us to better understand the ecology and evolution of parasitoid wasps.
We previously reported the presence of an inherited virus in the Drosophila parasitoid Leptopilina boulardi (Varaldi et al., 2003) . This double-stranded DNA virus, Leptopilina boulardi filamentous virus (LbFV), manipulates the behaviour of parasitoid females by increasing their tendency to superparasitize, i.e. to lay eggs in already-parasitized Drosophila larvae (Varaldi et al., 2003 (Varaldi et al., , 2006a . This manipulation allows the virus to be horizontally transmitted between parasitoid eggs sharing the same larva. In addition, this virus has been shown to partially increase the ability of the parasitoid to circumvent the immune system of some of its Drosophila hosts (Martinez et al., 2012a) .
In this paper, we demonstrate that, in addition to LbFV, L. boulardi is frequently infected by another inherited virus, sometimes in coinfection with LbFV. This new virus has a double-stranded RNA (dsRNA) genome and was designated Leptopilina boulardi toti-like virus (LbTV). Phylogenetic analysis revealed that this virus is closely related to dsRNA viruses of the family Totiviridae.
We carried out a screen of LbTV in several parasitoid laboratory lines originating from various locations and measured its prevalence in two French populations. Vertical and horizontal transmission of LbTV was examined and its potential contribution to the parasitoid phenotype was investigated.
RESULTS

Characterization of LbTV viral particles and genome
In order to characterize new viruses in L. boulardi, we used the two parasitoid lines NSref and Sref. NSref is a highly inbred LbFV-free line and the Sref line was obtained from the horizontal transfer of LbFV into the NSref line. Therefore, the two lines have the same nuclear background and only differ in their LbFV-infection status. NSref exhibits typical non-superparasitizing behaviour, laying a single egg into each encountered Drosophila larva and rejecting already-parasitized larvae, whereas Sref readily lays additional eggs into already-parasitized larvae (superparasitism) owing to the presence of the DNA virus LbFV (Varaldi et al., 2006b) .
Putative viral particles were purified from the reproductive apparatus of 100 females of the NSref line using density gradient ultracentrifugation. Electron microscopy revealed the presence of icosahedral virus-like particles of approximately 40 nm (Fig. 1a) . These were very different in morphology from the long rod-shaped manipulative virus LbFV (Varaldi et al., 2003 (Varaldi et al., , 2006b . Comparison of the proportions of RNA-Seq reads that map to the virus genome showed an *30-fold difference between the head and abdomen of parasitoid females, suggesting that the virus has a specific tissue tropism towards the abdomen (Fig. S1 , available in the online Supplementary Material).
We then purified the putative viral nucleic acids from both NSref and Sref lines. Following purification, two bands of *23 and *8 kb were observed after electrophoresis (Fig. 1b, c, e) . The larger band was observed in Sref but not in NSref and was digested by DNase I and mung bean nuclease, but not by RNase A (Fig. 1c) . This suggests that it consists of DNA molecules, most probably belonging to LbFV, which infects Sref but not NSref (Table 1) . On the contrary, the *8 kb band was observed in both NSref and Sref (Fig. 1b) and was digested by RNase A, but not by DNase I nor mung bean nuclease, indicating that it consists of dsRNA molecules (Fig. 1c) . Accordingly, this putative dsRNA fragment extracted from NSref was digested by RNase A at low but not at high salt concentration, confirming the dsRNA hypothesis (Fig. 1d) .
Putative viral RNA present in the Sref solution was reversetranscribed, amplified and sequenced by Roche 454 technology. After combining the sequences obtained with additional ones from an RNA-Seq paired-end library of total RNA (accession number PRJEB11633), we obtained a contig of 8021 bp, consistent with the estimated size on agarose gel (Fig. 1e) . Two large ORFs, separated by a 47 bp intergenic region, were inferred (Fig. 1f) . On frame +3, ORF1 encodes a putative 1686 aa protein showing no significant matches with entries in the databases. On frame +2, ORF2 encodes a putative 791 aa protein showing sequence similarities with RNA-dependent RNA polymerase (RdRp) of viruses belonging to the family Totiviridae (best BLAST score with Giardia lamblia virus (GLV), sequence identity 24 %, E-value 3|10
216
). Interestingly, ORF2 remains open upstream of the first AUG codon for 153 codons, so that ORF1 and ORF2 may in fact overlap. Thus it is likely that ORF2 is translated after ribosomal frameshift (21), leading to a fusion protein of ORF1 and 2, as known for the Totiviridae (Li et al., 2001) .
Phylogenetic analysis of LbTV
The phylogeny inferred from the concatenation of 10 RdRp conserved domains (671 sites in total) by maximumlikelihood showed that LbTV clusters in the family Totiviridae (Fig. 2) . Interestingly, LbTV is only distantly related to the proposed genus Artivirus, which contains Totiviridaeinfecting arthropods. LbTV falls into a relatively well supported clade that includes ORFs predicted from insect transcripts belonging to four insect orders (Hymenoptera, Diptera, Trichoptera and Homoptera). Camponotus yamaokai virus (CYV; infecting the ant C. yamaokai), GLV (infecting the protist Giardia lamblia) and PMV-AL V-708 (infecting the Atlantic salmon) appeared to be related to these arthropod clades, but their position is not firmly resolved in the phylogeny. The sequence similarity, along with the dsRNA nature and organization of the LbTV genome in two large ORFs, as well as the morphology and size of LbTV virions strongly suggest that LbTV is a member of the family Totiviridae.
Distribution of LbTV among laboratory lines
The presence of LbTV in several parasitoid lines isolated from diverse locations (Table 1) was investigated using reverse transcription PCR (RT-PCR). LbTV was detected in 20 out of 28 (71.4 %) laboratory lines of L. boulardi (Table 1) . Positive lines were sampled in France, Italy, Australia and USA, suggesting a worldwide distribution of LbTV. Sequencing of the 870 bp RT-PCR product of lines originating from these four locations revealed the presence of three synonymous point mutations (accession numbers: KF316915-KF316920). These genetic differences among parasitoid lines suggest that LbTV was not acquired in our laboratory but rather was already infecting parasitoid lines when collected in the field. Moreover, the presence of LbTV was checked in two Drosophila melanogaster lines, including the line used for parasitoid rearing (Dm-Sf), one Drosophila simulans line and two lines of the sister species Leptopilina heterotoma. None of them was positive for LbTV, suggesting that LbTV infection is specific to L. boulardi. No preferential association or exclusion between LbTV and LbFV was detected ( 
LbTV prevalence in natural populations
In addition to laboratory lines, we tested for the presence of LbTV among L. boulardi females caught in the field from two French populations, Avignon and Sonnay. LbTV was detected in nine out of ten females for both populations. Four females in Avignon and one in Sonnay were infected by LbFV. LbTV was detected in coinfection with LbFV in four out of 20 females, but no preferential association or exclusion between the two viruses was detected (Fisher's exact test, P50.45), consistent with what was found in laboratory lines.
Vertical transmission of LbTV
To study the vertical transmission of the virus, reciprocal crosses between LbTV-free and LbTV-infected lines were performed and the infection status of individuals was checked by RT-PCR. After mating in small Durham tubes, all parents from LbTV-free lines remained uninfected, showing that LbTV was not sexually transmitted or transmitted by simple sharing of a confined space or by sharing of food (a droplet of honey was present in the tube). However, the progeny of LbTV-infected females were all infected (n515), thus revealing that LbTV was maternally transmitted with a very high efficiency (Table 3) . This was not due to direct contact between parents and offspring since the parents were removed from the vial after egg-laying. Among crosses involving an LbTV-free mother and an LbTV-infected father, the transmission of LbTV was successful in 53 % of the cases (8/15), which is significantly inferior to maternal transmission (Fisher's exact test, P50.006, Table 3 ). 
uninfected (extraction of one female per line).
DLines tested for superparasitism intensity (see Fig. 3 ).
Horizontal transmission of LbTV
We tested whether superparasitism could allow the horizontal transmission of LbTV, as is observed for LbFV (Varaldi et al., 2003) . Unfertilized Av1 females (donor line doubly infected with LbTV and LbFV) were used to superparasitize hosts previously parasitized by fertilized uninfected Sf1 females (uninfected recipient line, free of LbFV and LbTV). Because, in L. boulardi, unfertilized females only produce male offspring, we simply tested virus horizontal transmission by screening female offspring since they can only be the progeny of the recipient line (see Methods). As expected, LbFV was horizontally transmitted at a high rate, 14 out of 20 female offspring being infected. This result indicates that superparasitism was frequent in this experiment, since LbFV can only be horizontally transferred through superparasitism (Varaldi et al., 2006a) . In contrast, no LbTV infection was detected in female progeny, despite the fact that the conditions for LbFV horizontal transmission were met. Therefore, LbTV is not horizontally transmitted under superparasitism conditions, in contrast to LbFV. Table 2 for abbreviations. The Amalgavirus clade was used as an outgroup. The numbers on branches indicate the results of approximate likelihood ratio tests for branch support (aLRT test; Guindon et al., 2010) and the colour indicates the taxa of their hosts (blue, arthropods; red, protists; purple, fungus; green, vertebrates). *, Transcriptomic data obtained from NCBI Transcriptome Shotgun Assembly database (accession numbers: LA822771.1, GAGH01052935.1, GAVM01005377.1, GBIT01041700.1, GANM01008872.1) or from the assembly of transcriptomic data in Webster et al. (2015) .
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Contribution of LbTV to the parasitoid phenotype
We first tested whether LbTV could induce superparasitism behaviour, as LbFV does. To do so, we measured the superparasitism phenotype of 18 L. boulardi lines with various infection statuses (Fig. 3 ). There were significant differences between parasitoid lines (Kruskal-Wallis test: x 2 5139.8, d.f.517, Pv0.0001). Based on multiple comparisons with the non-superparasitizing line NSref, we found that LbFV was, as expected, strongly associated with superparasitism (Gao's non-parametric multiple test; Fig. 3 ). On the contrary, lines infected only with LbTV did not differ from the NSref line, showing that LbTV is not involved in superparasitism behaviour.
We also tested whether the presence of LbTV was associated with variation in other fitness-related traits of the parasitoid. To do so, we compared the reproductive success of LbTVfree and LbTV-infected females, crossed either with males of their respective line or with lines having a different LbTVinfection status (Fig. 4) . The reproductive success of a parasitoid female was estimated as the number of offspring that reached the adult stage. This trait is the result of both the proportion of Drosophila larvae parasitized by the female (parasitism rate) and the likelihood that the parasitoid eggs will fully develop and reach the adult stage (parasitoid developmental success). In within-line crosses, the three fitness components were higher for LbTV-infected lines than for uninfected lines (parasitism rate on arcsine-transformed data: F 3,23 56.89, Pv0.002; parasitoid developmental success on arcsine-transformed data: F 3,23 57.89, Pv0.0009; number of offspring: F 3,23 512.16, Pv0.0001). The reciprocal crosses involving infected and uninfected individuals revealed strong maternal effects, with LbTV-infected females producing significantly more offspring (Fig. 4) . The higher fitness of LbTV-infected females was a consequence of a slightly higher parasitism rate and of much better developmental success of their offspring (see Fig. 4 for pairwise comparisons).
DISCUSSION
Four different RNA virus families have been reported in hymenopteran parasitoids, comprising single-stranded RNA viruses, namely Rhabdoviridae (Lawrence & Matos, 2005) , corona-like viruses (Jacas et al., 1997) , picorna-like viruses (Reineke & Asgari, 2005; Oliveira et al., 2010) , and segmented dsRNA viruses of the family Reoviridae (Stoltz & Makkay, 2000; Renault et al., 2003) . Here, we report a new dsRNA virus infecting the parasitoid wasp L. boulardi. By combining different sequencing strategies, we obtained an 8021 bp sequence composed of two large ORFs located on different ORFs. ORF1 encodes an unknown protein, possibly a coat protein, and ORF2 encodes a putative RdRp. ORF2 showed amino acid sequence similarities with the RdRp of non-segmented viruses related to the family Totiviridae as well as with ORFs of putative viruses inferred from public transcriptomic databases. Its genome size is in the range of the typical members of the family Totiviridae (4.6-8.2 kb). Accordingly, the size and icosahedral shape of the viral particles isolated from the reproductive apparatus of parasitoid females display similarity with those of Totiviridae. We propose to call this dsRNA virus Leptopilina boulardi toti-like virus (LbTV) until a formal assignation is made. We showed that LbTV is not included within the proposed genus Artivirus but is relatively closely related to it.
Our survey showed that LbTV was very frequent in laboratory lines of L. boulardi whereas it was not found in the related species L. heterotoma, or in the drosophilid hosts D. melanogaster and D. simulans. This suggests that LbTV might specifically infect L. boulardi. LbTV was also found in most L. boulardi females directly sampled from two natural populations (90 %). Moreover, LbTV infection was not correlated with the presence of the behaviourmanipulating LbFV, suggesting that there is no strong competitive exclusion between these two viruses. LbTV was found to be maternally transmitted with a high efficiency. Several heritable viruses of parasitoids have been detected in the reproductive apparatus of females and are presumably injected into the host along with the parasitoid eggs (Jacas et al., 1997; Varaldi et al., 2003; Lawrence & Matos, 2005; Reineke & Asgari, 2005) . That we found LbTV in the reproductive apparatus of parasitoid females and that it was also much more abundant in the abdomen than in the head could indicate that LbTV is injected into the host with the parasitoid egg during oviposition. Alternatively or in addition, LbTV may be transmitted within the cytoplasm of the egg. Interestingly, the related virus CYV infecting the arboreal ant Camponotus yamaokai is also found to be more abundant in the abdomen and was found in the cytoplasm of eggs, indicating that it is also transmitted vertically (Koyama et al., 2015) . In addition, LbTV was paternally transmitted, although with a much lower rate than for maternal transmission. Paternal transmission is a common route of transmission for Drosophila sigma viruses (Longdon & Jiggins, 2012; Longdon et al., 2011) or the Drosophila S virus (Ló pez Ferber et al., 1997).
A possible explanation for lower paternal transmission is Crosses with LbTV-infected and LbTV-free mothers are depicted in grey and white respectively. Different letters indicate significant difference based on a pairwise t-test (Holm correction) after appropriate transformation of the data to reach the assumptions of normality and homoscedasticity (see Results); NS, non-significant difference; *P,0.05; **P,0.01; ***P,0.001. See Table 4 for crossing design.
that sperm contributes little cytoplasm to the embryo (Longdon & Jiggins, 2010) . Indeed, flies that become infected through their father transmit sigma infection less efficiently to the subsequent generation, probably because the viral load in the sperm is reduced (Longdon et al., 2011) . It has been demonstrated that this biparental transmission is highly invasive, even if the virus imposes a cost on its host (Longdon et al., 2011) . For instance, a strain of sigma virus (Rhabdovirus) has invaded populations of Drosophila obscura in the UK, reaching 39 % infection in less than 11 years (Longdon et al., 2011) despite the cost imposed by the virus on the fly host (Longdon & Jiggins, 2012) , demonstrating the invasive power of biparental transmission. Thus, independently of any positive effect on fitness, the biparental transmission of LbTV may explain its worldwide distribution and high prevalence in natural populations.
In addition to being biparentally transmitted, LbTV may induce some beneficial effects that could also contribute to its dynamics. Interestingly, we found that LbTV-infected females produced more offspring than uninfected females (increase of 60 + 2.55 %, 95 % confidence interval). This huge difference was attributable to a slightly higher parasitism activity of infected females and to a much higher developmental success of their offspring. This difference was also correlated with strong maternal effects: the developmental success mostly depended on the genotype of the mother and/or its infection status but was not associated with the genotype of the developing offspring. We should be cautious about drawing conclusions concerning the effect of the virus from these data. Indeed, these maternal effects may be explained either by genetic variation in the parasitoid or by the presence/absence of LbTV. Disentangling these two hypotheses would require further investigations. Ideally one should compare the same parasitoid strain either infected or not by LbTV. However, there is currently no method to artificially infect parasitoids with LbTV or clear LbTV infection. A recent study also revealed an association between a virus and positive effects on fitness (Xu et al., 2014) . The remaining question is why all individuals of the species are not infected by the virus if the virus brings such beneficial fitness reward.
Finally, we found, in both natural populations and laboratory lines, that LbTV and the behaviour-manipulating virus LbFV frequently infect the same parasitoid individual. This may be the consequence of some paternal transmission of LbTV to LbFV-infected lineages (but not the reverse, since LbFV is only maternally transmitted). Additionally, this may be a consequence of the horizontal transmission of LbFV to an LbTVinfected lineage under superparasitism conditions (several developing parasitoids sharing the same host). Theory predicts that multiple parasites infecting the same host but differing in their transmission route may be under conflicting selective pressures (Lafferty et al., 2000) . LbFV is selected for increasing superparasitism tendency (Gandon et al., 2006) , whereas LbTV is not, since it is only vertically transmitted. Given that the behavioural manipulation is costly for the parasitoid female in most conditions (Gandon et al., 2006) , we expect the fitness of LbTV to be negatively affected by the presence of LbFV. In this context, LbTV should be selected to counteract the behavioural manipulation. Such negative interactions between parasites sharing the same host have been observed in the crustacean Gammarus pulex infected by the manipulative trophically transmitted parasite Polymorphus minutus and by a vertically transmitted microsporidium (Haine et al., 2005) . In this association, the change in behaviour induced by P. minutus was decreased in the presence of the microsporidium. We did not observed such 'sabotage' strategy (Thomas et al., 2002) , since parasitoid females coinfected with LbFV and LbTV were still susceptible to the behavioural manipulation exerted by LbFV. However, we cannot rule out the hypothesis that LbTV is able to partially decrease the intensity of superparasitism in LbFV-infected females.
In conclusion, LbTV is an additional example of the influence of heritable viruses on parasitoid biology. Its discovery extends the range of parasitoid viruses, since to our knowledge this is the first description of a putative member of the Totiviridae in hymenopteran parasitoids. Similarly to symbiotic bacteria, which have evolved diverse strategies to spread into host populations, viruses may be considered as heritable genetic agents with high invasive power and potential impacts on insect ecology and evolution. The fact that parasitoid viruses often rely on vertical transmission may in turn favour the occurrence of genetic exchanges between the parasitoid and the virus. Several pieces of evidence indicate that this has occurred repeatedly in parasitoids, sometimes giving rise to crucial genetic innovation in wasp evolution, as illustrated by the evolution of polydnavirus (Bézier et al., 2009) . Interestingly, it has been found that dsRNA viruses, including Totiviridae, may sometimes integrate into the chromosomes of their arthropod hosts Thézé et al., 2014) . Future investigations should focus on the existence of such an endogenization process in Leptopilina species, and if this phenomenon occurs, on its possible contribution to the parasitoid phenotype.
METHODS
Insect lines and rearing conditions. All parasitoids were reared under a 12L : 12D photoperiod at 26 uC using a laboratory line of D. melanogaster, Dm-Sf (Table 1) , fed with a standard diet (David, 1962) . All experiments were performed at 26+1 uC.
Visualization of LbTV particles by electron microscopy. The reproductive apparatus of 100 females (NSref line) was dissected in a droplet of PBS each. After homogenization of the tissue and filtration (1 mm), the solution was deposited on a Renografin density gradient (20 to 76 %, w/v) and centrifuged at 30 000 g for 15 h. The fractions were collected, dialysed and centrifuged again (2 h at 150 000 g). Ten microlitres of the pellet was then adsorbed on a copper-coated grid for 5 min, dried and stained with 2 % phosphotungstic acid for 1 min. Grids were observed on a Zeiss EM 10 CR operating at 80 kV.
Isolation of the LbTV genome. Adult females belonging to the NSref and Sref lines were crushed in a solution containing 20 mM Tris-HCl, 10 mM KCl, 4 mM MgCl 2 , 6 mM NaCl, 1 mM DTT and 0.1 % Tween 20 v/v. The solution was filtered (0.2 mm) and treated with DNase I (0.5 units/ml, Sigma-Aldrich) and RNase A (400 mg/ml, Invitrogen) to remove unprotected nucleic acids. After DNase and RNase deactivation, the putative viral nucleic acids were released using proteinase K and isolated by phenol/chloroform extraction (Chomczynski & Sacchi, 1987) . To estimate the size of the RNA genome, this step was followed by purification with silicon dioxide (Sigma-Aldrich) to remove small nucleic acids resulting from previous nuclease digestion, which might possibly interfere with the migration on agarose gel.
Enzymic characterization of the LbTV genome. Purified nucleic acids were digested by DNase I (which digests both single-and double-stranded DNA), mung bean nuclease (which digests singlestranded DNA and single-stranded RNA, but also double-stranded DNA at high concentration) and RNase A (which digests both singlestranded RNA and dsRNA) to determine their nature. The sensitivity of the nucleic acids to RNase A (Fermentas) digestion was also assessed in high (2|) and low (0.01|) ionic strength SSC buffer (15 mM sodium citrate dihydrate in 150 mM NaCl, Fisher Scientific), with two different RNase A concentrations (10 and 0.1 mg ml 21 ) at 37 uC for 30 min. Enzymic digests were then treated with phenol/ chloroform/isoamyl alcohol (25 : 24 : 1, pH 6.8) and precipitated with ethanol and sodium acetate before resolution on agarose gel.
Sequencing strategy. Nucleic acids purified as described above were treated with DNase I and resolved on an agarose gel. The dsRNA band was excised from the gel, reverse-transcribed and amplified using a whole-transcriptome amplification approach (Transplex WTA1 kit; Sigma-Aldrich). The PCR products were then sequenced using Roche 454 technology and assembled using Newbler 2.6. This preliminary experiment gave us a putative viral contig of 4946 bp. Additional sequences were later obtained from an RNA-Seq experiment using HiSeq technology (2|100 bp) on total RNA extracted from the abdomen and head of NSref and Sref females. The RNA from a pool of 30 heads and 15 abdomens was extracted using the NucleoSpin RNA kit (Macherey-Nagel). Two replicates were performed for each line (Sref and NSref) and each tissue (head/ abdomen), totalling eight independent RNA samples. The paired-end libraries were prepared using the TruSeq RNA Sample Prep kit (Illumina) and sequenced using the Chemistry version 3.0 of Illumina HiSeq 2500 (Eurofins). The total number of paired reads obtained for each library was between 10 633 526 and 20 756 272. After removal of duplicated sequences (100 % identical sequences), paired reads from all abdomen libraries were assembled using Trinity software (r20140717) with default parameters (Grabherr et al., 2011) . This assembly revealed the presence of an 8021 bp contig, which included the 4946 bp found in the preliminary experiment with 100 % identity. The RNA sequencing was deep enough (18 359 nonidentical virus-specific reads leading to |228 coverage) to consider that the genome sequence is complete (GenBank accession number KF274642.2; http://www.ncbi.nlm.nih.gov/Genbank/index.html). The reads obtained from the RNA-Seq experiment on heads and abdomens of parasitoid females were also mapped onto the LbTV genome using Bowtie 2 version 2.1.0 in order to compare the amount of virus RNA in the two tissues.
Phylogenetic analysis. The second ORF predicted from the 8021 bp sequence showed amino acid sequence similarity (inferred from BLASTX output) with the RdRp of dsRNA viruses belonging to the family Totiviridae and other related viruses. ORF2 also showed similarities with insect transcripts in NCBI Transcriptome Shotgun Assembly databases (inferred from tblastn). We selected five insect transcripts for which we found a putative ORF encoding an RdRp. Representative sequences were selected (Table 2 ) and aligned using Clustal Omega with the default parameters as implemented in Seaview (Gouy et al., 2010) (Fig. S2) . Ten conserved domains were identified by Gblocks (Talavera & Castresana, 2007 ) using the following parameters -minimum number of sequences for a conserved position, 22; minimum number of sequences for a flanking position, 22; maximum number of contiguous non-conserved positions, 50; minimum length of a block, 50; all gap positions allowedand using similarity matrices. Conserved domains ( Fig. S2 ; total length, 671 aa) were concatenated in order to construct a maximumlikelihood phylogeny using PhyML (LG model) and branch support was measured by approximate likekihood ratio tests (aLRT; Guindon et al., 2010) . We used monopartite plant viruses belonging to the proposed family Amalgaviridae as an outgroup (Martin et al., 2011) .
RT-PCR detection of LbTV. An RT-PCR protocol was developed to detect LbTV in parasitoids. Total RNA of individual wasps was extracted using the RNeasy kit (Qiagen). Reverse transcription was performed using the SuperScript III First-Strand Synthesis kit (Invitrogen) with random primers. Based on the viral sequence obtained above, we designed PCR primers (LbTV-F1, 59-CCCACCCTGTCC-GTAATG-39; LbTV-R1, 59-CGGTATCCGCCTGATAATTG-39) amplifying an 870 bp fragment located between positions 6705 and 7575 on ORF2, which encodes the putative RdRp. PCRs were performed in a 25 ml reaction containing 2 ml cDNA template, 1.5 mM MgCl 2 , each dNTP at a concentration of 50 mM, each of the two primers at a concentration of 200 nM, and 0.5 U Taq polymerase (EuroBlueTaq; Eurobio). The following cycle programme was used: 30 s at 95 uC, 1 min at 63 uC, and 1 min at 72 uC, with annealing temperature decreasing 1 uC during the first 8 cycles (35 cycles in total) (PTC-100; MJ Research). LbFV infection was also checked on the same cDNA samples using primers 500-R and 102-F, as described in Patot et al. (2009) . (Table 1 ). The RT-PCR products obtained for six L. boulardi lines (Sref, NSref, AvI, Ca1, Lb17 and BNE-A1; Table 1) were Sanger-sequenced and aligned with ClustalW2 using default parameters (Larkin et al., 2007) .
Prevalence of LbTV within natural populations. In order to quantify the prevalence of LbTV within L. boulardi populations, we sampled in two French localities, one situated near the northern limit of L. boulardi's range in France (Sonnay) and one in a more central area (Avignon, 180 km to the south). The sampling was performed in September 2010 by setting traps baited with split bananas in orchards. Traps were exposed to colonization by Drosophila and parasitoids for 15 days, and then brought back to the laboratory. For each locality, ten L. boulardi females emerging from these traps were frozen for later RT-PCR detection of both LbTV and LbFV, as described above.
Vertical transmission experiment. Two LbTV-free lines, Sf1 and Vs1, were reciprocally crossed with two LbTV-infected lines, Vi1 and Av1 (Table 3) , by putting one virgin female and one male into a Durham tube containing a droplet of honey 24 h. At the end of this time, females were individually placed in rearing vials containing D. melanogaster larvae hatched from 100 eggs. The LbTV-infection status of both parents and five female offspring per cross combination was checked by RT-PCR, as described above.
Horizontal transmission experiment. Because LbFV is horizontally transmitted within superparasitized hosts (Varaldi et al., 2003) , we tested whether LbTV could also use a similar transmission route. Since LbFV induces superparasitism in L. boulardi, we chose the line Av1, coinfected by both LbFV and LbTV, as the donor line for the horizontal transfer experiment (Table 1) . As a recipient line, we used Sf1 which was infected neither by LbFV nor by LbTV (Table 1) . Since L. boulardi is a haplo-diploid species, fertilized eggs develop into females whereas unfertilized ones give rise to males. This mode of reproduction allows the identification of the maternal origin of female offspring, which can only be the progeny of a mated mother. Hence, measurement of horizontal transmission was achieved by using a mated LbTV-free mother as the recipient line and a virgin LbTVinfected mother as the donor line.
We performed three replicates of the horizontal transmission experiment. In each replicate, one mated parasitoid female (1-2 days old) of the recipient line Sf1 was placed with 100 Drosophila eggs for 24 h in a rearing vial. Then, the female was removed and replaced by four virgin females (2-3 days old) of the donor line Av1 for an additional 24 h. For each replicate, the infection status of mothers and of 4-11 female offspring (progeny of the recipient line) was checked by RT-PCR for LbFV and LbTV infection as described above.
Phenotypic effect of LbTV infection. We first tested whether LbTV would be able, like LbFV, to alter the superparasitism behaviour of L. boulardi. This was done by testing the superparasitism phenotype of 18 L. boulardi lines (3-26 females tested per line) with varied infection status regarding LbFV and LbTV. The experiment consisted in exposing one 2-3-day-old female to 10 first-to-second instar Drosophila larvae from 5 p.m. to 10 a.m. A sample of three larvae was then dissected in order to count the number of parasitoid eggs laid, and the mean number of eggs laid per larva was calculated for each female. Overall differences between parasitoid lines were analysed with the non-parametric Kruskal-Wallis test. Each line was then compared with the non-superparasitizing reference line NSref using Gao's test, which performs multiple comparisons with a control group (Gao et al., 2008) .
In order to test whether LbTV impacts other parasitoid fitness-related traits, we compared the reproductive success of two naturally LbTVinfected lines with two naturally uninfected lines. Eleven replicates were prepared and, for each replicate, one mated parasitoid female was placed in a rearing vial for 24 h with Drosophila larvae hatched from 100 eggs. In addition, ten control vials without parasitoid were prepared in order to estimate the natural mortality of Drosophila hosts. Emerged flies and parasitoid offspring were collected daily and counted. In this experiment, encapsulation (elimination of the parasitoid by the Drosophila immune system) was negligible (6 Drosophila larvae out of 1173 eliminated the parasitoid through encapsulation), so that simply counting the number of emerging flies informed on the parasitism rate. The parasitism rate was estimated by calculating the difference between the mean number of adult flies emerged in the parasitoid-free vials and the number of flies emerged in vials containing a parasitoid female, divided by the mean number of flies emerged in the parasitoid-free vials, as described in Martinez et al. (2012a) . Using the estimate of the parasitism rate, the parasitoid developmental success was then measured as the proportion of parasitized Drosophila larvae that gave rise to adult parasitoids (Martinez et al., 2012a) .
In addition to the comparison of the two naturally infected and uninfected lines (within-line crosses, Table 4 ), we measured the performances of females originating from each of these four lines when mated with males originating from another line with different LbTV-infection status (between-line crosses, Table 4 ). This crossing design allowed us to test for maternal effects (possibly linked to female infection status) and for the influence of the nuclear genetic background of the offspring on the pre-imaginal survival. Number of infected females in the offspring from crosses involving LbTV-free and LbTV-infected individuals when either the female is infected or the male is infected. LbTV-infection status is indicated in parentheses: 2, uninfected; +, infected. Five replicate crosses were performed for each type of cross and one offspring per couple was checked for LbTV infection. Table 4 . Crossing design between LbTV-free and LbTVinfected lines
Description
Cross n Within-line cross R Vi1(2; +)6= Vi1(2; +) 1 1 R Av1(+; +)6= Av1(+; +) 1 1 R Sf1(2; 2)6= Sf1(2; 2) 1 1 R Vs1(+;2)6= Vs1(+; 2) 1 1 Between-line cross R Vi1(2; +)6= Sf1(2; 2) 1 1 R Sf1(2; 2)6= Vi1(2; +) 1 1 R Vi1(2; +)6= Vs1(+; 2) 1 1 R Vs1(+; 2)6= Vi1(2; +) 1 1 R Av1(+; +)6= Vs1(+; 2) 1 1 R Vs1(+; 2)6= Av1(+; +) 1 1
LbFV-(left) and LbTV-(right) infection status is indicated in parentheses: 2, uninfected; +, infected. n, Number of replicates.
